Monthly changes in densities of Beauveria bassiana in the air and soil of forest stands were measured using selective media to investigate the density dynamics of this fungus. In a windbreak forest of Pinus thunbergii along the coast where B. bassiana has been introduced for the experimental control of Monochamus alternatus, fungal density was higher than in a neighboring untreated forest. Wild B. bassiana was also isolated from inland forests of Quercus serrata, and Chamaecyparis obtusa; in particular, the density of B. bassiana in the soil of the Q. serrata forest was extremely high. Utilizing the same selective medium, conidial dispersal from a nonwoven fabric fungus carrier was also investigated. The fungal conidia were dispersed by the air; however, the density of the fungus in the air at more than 50 m from the source did not differ from the natural density of the fungus. This result was compared with the lethal density of the fungus on mulberry leaves for the silkworm, and the risk of infection is thought to be very rare.
INTRODUCTION
Beauveria bassiana Vuillemin (Deuteromycotina: Hyphomycetes) is an entomopathogenic fungus known to have a wide host range. This fungus has been studied as a microbial control agent of insect pests in various areas, and we have also been studying utilization of this fungus to control Monochamus alternatus Hope (Coleoptera: Cerambycidae). This insect is a major vector of the pinewood nematode, Bursaphelenchus xylophylus, which is the causative agent of pine wilt disease, the most serious problem of pine forests in Japan. To prevent the prevalence of this disease by killing M. alternatus inhabiting the nematode-infested pine trees, various application methods for this fungus have been attempted, such as spraying conidial suspensions (Shimazu and Kushida, 1980) , implantation of wheat-bran pellets with B. bassiana in infested trees (Shimazu et al., 1992) , use of the pine bark beetle, Cryphalus fulvus Niijima (Coleoptera: Scolytidae) as a carrier of B. bassiana conidia (Enda et al., 1989) , and application of nonwoven fabric strips containing B. bassiana cultures onto infested trees (Shimazu et al., 1995) . Among these methods of application, releasing conidiacontaminated bark beetles and application of fungal colonies on nonwoven fabric strips onto infested trees have been tested for practical field ap-plication.
Scientists and the public are worried about the possible negative impacts of field use of a pathogen having a wide host range on other insects or beneficial insects. Thus it is necessary to clarify the dispersal of B. bassiana in pine forests after application in the field for the control of M. alternatus. On the other hand, investigation of the dynamics of wild B. bassiana density is also required. However, density dynamics of entomopathogenic fungi in the field are generally not well known, despite the fact that this information is critical for analysis of epizootics in insect populations or to understand life cycles of the pathogen. Therefore, in the present study, we investigated how many conidia are dispersed by the application of nonwoven fabric strips containing fungal cultures. Also, we measured the density of B. bassiana in the air and in the soil of pine forests with and without the introduction of B. bassiana, and for a broadleaf forest where wild B. bassiana has been known to exist. Moreover, since there are no established methods for investigating the density dynamics of entomogenous fungi, we developed methods for quantifying the density of B. bassiana in various forest stands.
MATERIALS AND METHODS

Selective isolation of B. bassiana. Throughout
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the following experiments, selective isolations of B. bassiana were performed using the media developed by Shimazu and Sato (1996) . D0B50 (3 g Bactopeptone, 0.2 g CuCl 2 , 50 mg brilliant green, 15 g agar, 1,000 ml distilled water, pH 10.0 with Na 2 CO 3 ) was used for isolations from the air and D0C2 (3 g Bactopeptone, 0.2 g CuCl 2 , 2 mg crystal violet, 15 g agar, 1,000 ml distilled water, pH 10.0 with Na 2 CO 3 ) was used for isolations from the soil. For both types of isolations, cultures were incubated for 5 d at 25°C, and numbers of colonies resembling B. bassiana were counted. If there were less than 10, all the colonies counted were transplanted onto fresh Sabouraud's dextrose medium with yeast extract (abbreviation SDY). If there were more than 10, 10 randomly selected colonies were transferred onto SDY. The cultures on SDY were incubated at 25°C under fluorescent lamps for several days to form conidia and then confirmed as B. bassiana by microscopic examination. The ratio of B. bassiana versus other species from SDY cultures was used to estimate the true number of B. bassiana colonies.
Dynamics of B. bassiana in the air and the soil. Forest stands shown in Table 1 were used as experimental sites. Sites A, B and C located along the coast in Futtsu, Chiba were each approximately 200ϫ100 m, and were very similar in forest physiognomy. Site A was not treated, while sites B and C were treated with B. bassiana and were located on either side of A with a buffer zone in between. B. bassiana had been artificially introduced to site B from 1994 to 1997 and to site C from 1998 to 2000 for control of M. alternatus by releasing conidia-contaminated pine bark beetles, C. fulvus to carry the fungus into the dead pine boles which M. alternatus larvae inhabited (Makihara et al., 1995 (Makihara et al., , 1996 (Makihara et al., , 1997 . Sites D and E faced each other along a road located in Kukisaki, Ibaraki, Japan.
Densities of B. bassiana in the air and in the soils were measured monthly from April 1996 to March 1999. However, site B was replaced by site C in April 1998 as the treatment site receiving B. bassiana.
Petri dishes containing D0B50 medium were placed on plastic trays, exposed to the air for 2 h, taken back to the laboratory, and incubated for 5 d at 25°C. The trays with petri dishes were held at two heights (4 cm and 100 cm) at sites A, B and C, and only at a height of 4 cm at sites D and E. Exposure of the medium to the air was performed at 10 points at sites A, B and C, 9 points at site D, and one point at site E. Three replicates were made for each height at each point, and the points for each site were essentially kept the same for every exposure. After incubation, the densities of B. bassiana were calculated by the above-mentioned method.
For counts of B. bassiana in the soil, soil samples were taken in clean plastic bags from the Alayer under the litter at the same points as the airinvestigation immediately after the recovery of petri dishes for airborne conidia. Soil samples were suspended in an aqueous solution of Tween 80 (300 ppm) at a rate of 2.5 g per 50 ml, and vigorously shaken using a test-tube-mixer (AUTO-MATIC LABO-MIXER NS-8, Pasolina) for 1 min. Each suspension was diluted 10 fold with the same solution, and 0.2 ml of the diluted suspension was spread onto D0C2 medium in a 9 cm petri dish using a sterilized glass bar. Three replicates were used for each soil sample. Petri dishes were incubated for 5 d at 25°C, and the densities of B. bassiana were calculated using the above-mentioned method.
Student's t-test was used to compare the mean densities between the first half period and the latter half period. Two-way repeated measures ANOVA was used to determine the significance of mean dif-20 M. Shimazu et al. . to Mar. 1999 ferences between fungus treatments and among soil sampling sites. Dispersal of conidia from nonwoven fabric strips. An isolate of B. bassiana F-263 that originated from a larva of M. alternatus in Kumamoto, Japan was cultured on 50ϫ5 cm nonwoven fabric strips according to the methods of Shimazu et al. (1995) .
Conidial dispersal was investigated on 3 October 1994, 19 May 1995, and 1 May 1998 at the forestry nursery in the Forestry and Forest Products Research Institute, Kukisaki, Ibaraki. Four strips of nonwoven fabric containing B. bassiana cultures were arranged on the ground as if they were the sides of a square. About 20 min after the settings of nonwoven fabric strips, the dispersed conidia from the strips were collected by exposing the D0B50 medium in petri dishes to the air for 1 or 2 h. Three petri dishes with D0B50 medium were placed on a plastic tray held 4 cm above the ground, and the trays were arranged in four directions at 0, 1, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 m from the center. In order to minimize the variability in the opening periods of petri dishes, opening and closing of the petri dishes were done by four persons, one walking in each direction. The petri dishes were then incubated for 5 d at 25°C, and the densities of B. bassiana were calculated by the above-mentioned method. In the years 1994 and 1995, densities of B. bassiana just before placing the nonwoven fabric strips in the field were also quantified as a measure of background density.
RESULTS
Density of B. bassiana in the air
In Futtsu, Chiba, aerial densities of B. bassiana were successfully measured except for during a cancellation of these investigations in April 1998 due to rainfall. B. bassiana was often found in the air. The treatment site was moved from site B to site C in April 1998. The average densities of B. bassiana at site B and site C were statistically compared. Since there was no significant difference between those densities at either 4 cm ( pϭ0.170) or 100 cm ( pϭ0.204) height, we merged the data from sites B and C in Fig. 1 . The average numbers of colonies were converted to the density per m 2 per day in a colony-forming unit (CFU). There were great fluctuations in the density dynamics of B. bassiana at all the experimental sites, and no clear tendency was found across space or season. In the treatment sites, the pine bark beetles having B. bassiana conidia on their body surfaces were released from June to August every year (Makihara et al., 1995 (Makihara et al., , 1996 (Makihara et al., , 1997 . However, no increase in B. bassiana density corresponding to the discharge of the bark beetles was found at the treatment site.
The average aerial densities of B. bassiana at the treatment sites tended to be higher than those at the non-treatment sites (Table 2) , and a statistically significant difference ( pϽ0.01 for treatment) was only seen between those at 4 cm in the latter half period (April 1998 to March 1999 . Aerial densities generally tended to be higher at 4 cm than at 100 cm, especially at the treatment sites ( pϭ0.053 for treatment in the first half period and pϭ0.197 for treatment in the latter half period). The frequency of B. bassiana presence was also the highest at 4 cm at the treatment sites compared with 100 cm samples and compared with non-treatment sites.
B. bassiana was also found from the air of sites in Kukisaki, Ibaraki (Fig. 2) . Since a logarithmic axis is used for the graph, 1 was added to each conidial density to express 0. The densities of B. bassiana in the air at site D (Q. serrata forest) ranged from 0 to 3.1ϫ10 3 (meanϭ3.4ϫ10 2 ) CFU/m 2 /d, while densities from site E (C. obtusa forest) ranged from 0 to 2.1ϫ10 3 (meanϭ1.3ϫ10 2 ) CFU/m 2 /d ( presence could not be compared directly because the sample size was different. No clear differences by location or seasonal variation were found in the dynamics of the densities.
Density of B. bassiana in the soil
B. bassiana was often isolated from the soil in Futtsu, Chiba (Fig. 3, Table 2 ). We showed the results from sites B and C together in the figure, because there was no significant difference between the densities of the fungus at the two sites ( pϭ0.446). The density fluctuated greatly, ranging from 0 to 400 (meanϭ32.4) CFU/g at site A (control forest), and from 0 to 800 (meanϭ82.6) CFU/g at sites B and C (treatment forests). Mean density of B. bassiana at the treatment site tended to be greater than that at the non-treatment site in the first half period ( pϭ0.192 for treatment), although in the latter half of the test period, there was no statistical difference between those densities ( pϭ 0.429 for treatment). Frequency of presence of the fungus showed the same tendency as the mean density. No clear tendency by location or season was found in the dynamics of B. bassiana densities in the soil, as seen for aerial samples.
B. bassiana was isolated at all times from the soils of site D in Kukisaki, and its density was considerably high (meanϭ3.1ϫ10 4 ) CFU/g (Fig. 4 Table 3 ). The fungus was also isolated from the soils of site E; however, density fluctuated at this site with averages of about 1/10 of densities at site D. No seasonal variation was found in the density dynamics.
Dispersal of conidia from nonwoven fabric strips
The average numbers of colonies in four directions were converted to the density per m 2 per day in CFU. Since the densities of B. bassiana ranged from 0 to several million, a logarithmic axis is used for Fig. 5 . Therefore, to express 0 in the graph, 1 was added to each conidial density. Density of CFUs was highest at the center (0 m), and as the distance from the strips increased, densities decreased. The density in the center was 9.0ϫ10 5 to 2.4ϫ10 6 CFU/m 2 /d, and samples more than 50 m from the center were around 100 CFU/m 2 /d. During the investigation in May 1995, velocity and direction of the wind were measured. The wind direction was SSE to SSW, and the average wind velocity was 1.04 m/s (ranged 0.02 to 2.78 m/s). More conidia were found in Northern and Western sample areas in that experiment, and this dispersal coincided with the wind direction (Fig. 6) .
The wild B. bassiana counted before placing the nonwoven fabric strips in the field was only 1 colony at the Eastern 100 m point on October 10 in 1994, and this was equivalent to 6.9ϫ10 2 CFU/m 2 /d. No colonies were detected from May 1995 samples. Sato et al. (1997) detected an entomopathogenic fungus Cordyceps militaris from the air using 24 M. Shimazu et al. bioassays, although they did not investigate fungal density. Densities of entomopathogenic fungi in the air have seldom been studied. Our present study is discussing density dynamics of an entomopathogenic fungus in the air of forest stands, and is unique in that respect. In forest stands in Futtsu where B. bassiana was introduced by releasing contaminated bark beetles, we could not detect the difference in B. bassiana densities between treatment and non-treatment forests, when they were measured 100 cm above the ground. However, densities were higher in the treatment forest than in the non-treatment forest when measured at lower positions of 4 cm. Thus, it is possible that fungal density in the air measured at lower positions better reflects differences among forest stands. The mean densities of B. bassiana from the soil samples in the treatment forest were double those from the non-treatment forest, although there was no statistical difference due to variability among samples.
DISCUSSION
From these results, the estimation of B. bassiana density in a forest stand is thought to be possible by measuring the density of B. bassiana in the soil and in the air near the ground.
In the present study, the B. bassiana introduced to pine forests by releasing conidia-contaminated bark beetles seemed to have somehow settled in the forest and increased the fungal density, although the fungal density was not outstanding. Investigations of B. bassiana densities not only in the air and the soil but also on the bark or on the leaves will be necessary to properly evaluate the density of B. bassiana within the forest stand.
There have been some examples of isolation of B. bassiana from natural soil samples. Hammill (1970) isolated B. bassiana from the soil, but the quantity of the fungus was not clear. Doberski and Tribe (1980) isolated B. bassiana and Metarhizium anisopliae from samples of bark and soil using a selective medium containing dodine. They detected B. bassiana from 93.6% of the soil samples, and the average density was 2.39 by their index which corresponds to an order of 10 3 CFU/g. Beilharz et al. (1982) also detected B. bassiana using a medium based on oatmeal agar and dodine, and obtained densities of approximately 2.5ϫ10 3 CFU/g. In the present study, B. bassiana was isolated from all the experimental sites and, however, the density levels differed remarkably among sites. B. bassiana always existed in the Q. serrata forest (site D) at a considerably high density of 3.1ϫ10 4 CFU/g. However, density was lower in the C. obtusa forest (site E), although this site was located next to site D and was thought to have the same conditions. Differences in the tree species may affect the density of B. bassiana as well as differences in the location. The present investigation does not provide enough information to discuss the cause of the differences, and further experiments will be required to determine the factors affecting the fungal density in the forest.
More investigation on the density of conidia dispersed from nonwoven fabric strips will be needed because wind conditions may differ on sampling dates. From the results obtained in the present study, it can be said that the conidial density associated with the nonwoven fabric strip decreased as the distance from the strip increased, and when the distance was over 60 m, the conidial density was quite low (1ϫ10 2 CFU/m 2 /d). The aerial density of B. bassiana before placing nonwoven fabric strips in the field was 6.9ϫ10 2 CFU/m 2 /d at a maximum. These investigations were conducted approximately 100 m apart from site D for the aerial density investigation. There, the average density of wild B. bassiana was 3.5ϫ10 2 CFU/m 2 /d, which is close to the maximum density before nonwoven fabric strips were placed in the field. This level of conidial density dispersed from the nonwoven fabric strips cannot be distinguished from that of wild B. bassiana.
Generally, possible damage to beneficial insects is one of the concerns regarding practical use of B. bassiana in the field. In particular, damage to silk production by contaminated mulberry leaves is of concern in Japan. Miyamoto (1997, 1999) investigated infection of silkworm, Bombyx mori fed on mulberry leaves contaminated by B. bassiana. The 50% lethal density of B. bassiana conidia on mulberry leaves ranged from 1.8ϫ10 5 to 7.1ϫ10 6 conidia/cm 2 , and the least infectious density ranged from 2.1ϫ10 3 to 1.1ϫ10 4 conidia/cm 2 , those equal to 2.1ϫ10 7 to 1.1ϫ10 8 conidia/m 2 . For an evaluation of risk, a density of 2.1ϫ10 7 conidia/m 2 should be reasonable to use as a standard for the highest levels that can safely be present on foliage.
Let us consider the possibility of contamination of mulberry leaves by dispersed conidia from nonwoven fabric strips using this standard lethal den-sity. The dispersed conidial density at 0 m from the source was 2.4ϫ10 6 /m 2 /d at maximum and this is less than the lethal level. Thus, exposing mulberry leaves for more than 8 d at 0 m from the source will raise the cumulative density to the lethal level. However, the conidial density more than 60 m away from the source was 5.2ϫ10 2 /m 2 /d at maximum, and if the conidia continue to disperse at this rate, it would take more than 40,000 d to achieve the lethal conidial density of 2.1ϫ10 7 /m 2 . Therefore, contamination of mulberry leaves more than 60 m away from nonwoven fabric strips is thought to be extremely rare. This analysis might be considered adequate for the evaluation of the risk, because the minimum lethal level and the maximum conidial dispersal rate are used for this calculation.
Through this study, we presented methods for evaluating the density of an entomopathogenic fungus, B. bassiana, in the air and soil of forest stands. Also, we evaluated the safety of application of nonwoven fabric strips containing B. bassiana conidia, by monitoring density of B. bassiana conidia in the air.
